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Complexity of Intracellular Caz+ Signals 
Ca2+ is a ubiquitous intracellular signaling molecule con- 
trolling a wide array of cellular processes, including secre- 
tion, contraction, and cell proliferation (Berridge, 1993; 
Clapham, 1995). In resting cells, the intracellular Ca2+ con- 
centration ([Cap+],) is maintained at approximately 1 O-l 00 
nM, and during stimulation the average [Ca2+li can rise up 
to several micromolar, depending on the cell type. Such 
Ca2+signals have acomplex temporal and spatial arrange- 
ment, although the mechanisms underlying the complex- 
ity are not entirely clear. Tonic [Ca”], increases do not 
occur in many cells. Instead, Ca2+ is frequently presented 
to the cytoplasm in a pulsatile manner, such as the repeti- 
tive Ca2+ spikes that drive the beating heart, the rapid 
subplasmalemmal [Ca2+li increases that occur during de- 
polarization of excitable cells, and the regular Cd+ spikes 
(or oscillations) observed during hormonal stimulation of 
many nonexcitable cell types. The spatial correlate of a 
Ca2+ spike is a Ca2+ wave in which Ca*+ is initially elevated 
in a discrete region of the cell before spreading throughout 
the cell as a regenerative increase. Since information is 
encoded in the spatiotemporal patterns of these intracellu- 
lar signals, much interest is now focused on how these 
complex Ca*+ signals are generated. 
Intracellular Ca2+ Release Channels 
Cells utilize two sources of Ca2+ for generating signals: 
Ca2+ release from intracellular stores and Ca*+ entry across 
the plasma membrane. Both Ca2+ release and entry mech- 
anisms can give rise to highly localized Ca2+ signals, which 
may be considered as the elemental events of Ca2+ signal- 
ing (Table 1). Most of the elementary events described so 
far are associated with the release of Ca*+ from intracellu- 
lar stores, which is controlled by two families of channel; 
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ryanodine receptors (RyR) and inositol 1,4,5-trisphos- 
phate receptors (InsPaR) (Berridge, 1993). Molecular stud- 
ies have identified multiple isoforms of these receptors, 
which are expressed in a tissue-specific manner (De 
Smedt et al., 1994; Berridge et al., 1995). 
InsP& and RyRs display some physiological similari- 
ties concerning the factors that determine channel open- 
ing (Berridge, 1993). Several studies have suggested that 
the channels have a bell-shaped sensitivity to the cytosolic 
Ca2+ concentration; at low concentrations, Ca*+ promotes 
release, while higher (i.e., greater than micromolar) con- 
centrations are inhibitory. The stimulatory effect of cyto- 
solic Ca2+ means that these receptors display the phenom- 
enon of Ca*+-induced Ca2+ release that is of fundamental 
importance for coordinating the elementary Ca’+ release 
events into the spikes and waves described earlier. Ca2+- 
induced Ca2+ release is autocatalytic, meaning that asmall 
Ca’+ release will be amplified, owing to positive feedback, 
until the release process is terminated by negative feed- 
back. 
A combination of factors determines the responsive- 
ness of these intracellular receptors to the biphasic action 
of Ca”+. For example, Ca2+ cannot activate InsP,R on its 
own, but requires lnsPs to enhance the Ca2+ sensitivity of 
the receptors. A similar function might be performed for 
RyR by the putative Ca2+-mobilizing messenger cyclic 
ADP-ribose (Galione and White, 1994). Another determi- 
nant of receptor sensitivity may be the Ca*+ loading of the 
endoplasmiclsarcoplasmic reticulum. The critical parame- 
ter varied by these cofactors is the excitability of the recep- 
tors, and in particular, their sensitivity to cytosolic Ca2+. 
Variation of receptor sensitivity may play a large part in 
controlling how intracellular channels generate elemen- 
tary events and how these events are coordinated to pro- 
duce global [Ca*+], responses. 
Elementary Ca ‘+ Release Units 
Examples of elementary Ca*+ release events arising from 
RyR and lnsPsR are the Ca2+ sparks in cardiac myocytes 
(Cannell et al., 1995; Figure 1) and the Ca*+ puffs in Xeno- 
pus oocytes (Yao et al., 1995) (Table 1). Events analogous 
to sparks and puffs have been visualized in smooth muscle 
(Nelson et al., 1995), in skeletal muscle (Tsugorka et al., 
1995), in pancreatic acinar cells (Thorn et al., 1993), and 
as bright observable blobs (BOBS) that appear just prior 
Table 1. Elementary Ca*+ Signaling Events 
Signaling Event Channel Elementary Event Tissue Duration Diameter of Ca*+ Signal [Caz+], Rise 
Ca*+ release InsPaR Puff Xenopus oocyte - 500 ms 4-6 brn 140 nM 
Bump Limulus photoreceptor 70 ms 
BOB Sand dollar blastomere 67-100 ms 
RYR Spark Cardiac myocyts <200 ms 3 m 170 nM 
Triadic Ca2+ release Skeletal muscle -30 nM 
STOC Smooth muscle <lOO ms 
SMOC Sympathetic neuron 30 ms 
Ca2+ entry Trp? Bump Drosophila photoreceptor 30 ms 
voc QED Squid giant synapse 500 ps -60 PM 
Microdomain Squid giant synapse 800 ps 0.5 wrn 300 FM 
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to nuclear envelope breakdown in sand dollar blastomeres 
(Silver et al., 1994) (Table 1). They have also been identi- 
fied from rapid openings of Ca*+-activated membrane ion 
channels in various cells, such as the spontaneous tran- 
sient outward currents (STOCs) in smooth muscle (Ben- 
ham and Bolton, 1986; Zholos et al., 1994), spontaneous 
miniature outward currents (SMOCs) in neurons (Marrion 
and Adams, 1992), and bumps in Limulus photoreceptors 
(Wong et al., 1982) (Table 1). These current fluctuations 
are caused by a punctate release of Ca2+ from InsP,Rs 
and RyRs on stores just beneath the plasma membrane, 
which activate only the neighboring ion channels. 
Estimates of the amount of Ca2+ released by elementary 
units such as puffs and sparks have suggested that they 
are due to the opening of one, or a few, clustered Caz+ 
channels (Yao et al., 1995; Cannell et al., 1995). Although 
future studies may further divide these units into smaller 
components, e.g., single channels within the clusters, it 
seems that elementary Ca2+ signaling units described 
above may be the building blocks for global intracellular 
signals. 
Elementary Ca2+ Entry Units 
There are fewer examples of elementary events associ- 
ated with Ca*+ entry (Table 1). The Ca2+ signals arising 
from spontaneous openings of voltage-operated Ca2+ 
channels (VOCs) within a localized region of the squid 
giant synapse have been described as quantum emission 
domains (QEDs). An evoked action potential stimulated a 
larger but still localized [Ca’+]i increase, called a microdo- 
main, that may represent the simultaneous activation of 
several QEDs (Sugimori et al., 1994). 
Another example of an elementary Ca2+ entry signal 
has been observed in Drosophila photoreceptors, where 
individual photons evoke discrete electrical events called 
quantum bumps (Hardie and Minke, 1995). Drosophila 
bumps resemble those described above for Limulus pho- 
toreceptors, except that the response in Drosophila ap- 
pears to be largely due to entry of Ca2+ through putative 
trp channels (Hardie and Minke, 1995). 
Generation of Global Ca2+ Signals 
We now have to consider how the elementary signaling 
units described above are coordinated to generate global 
Mvocvte T 3G 600 ms 
[Ca’+], increases. For Ca2+ entry units, the process is rela- 
tively simple: VOCs are recruited in a stochastic manner 
following depolarization of the cell, and the membrane 
localization of the channels determines the spatial proper- 
ties of the resulting Ca2+ signal. 
The coordination of elementary Ca2+ release units, lead- 
ing to the formation of waves, is achieved through individ- 
ual release sites communicating with each other using 
Ca’+ as a messenger. One way of describing this phenom- 
enon is to consider how Ca’+ puffs in Xenopus oocytes 
(Figure 2Ai) are transformed into waves (Figure PAii). In 
the resting oocyte, the puff sites are mostly quiescent. 
After the injection of a low concentration of a slowly metab- 
olized InsPa analog, isolated regions (one per 30 pm2) be- 
gin to display puffs at a low frequency (Yao et al., 1995). 
Each Ca2+ puff remains localized because Ca2+ has a poor 
diffusibility in cytoplasm, and the neighboring InsPaRs 
were either too distant or not sensitive enough to respond 
to the Ca’+ diffusing laterally from the release site. 
Introduction of a higher lnsPs concentration evokes CaZ+ 
waves (Figure PAii). At first these waves are abortive, trav- 
eling only a relatively short distance and then failing, but 
with still higher lnsPs concentrations, full waves are ob- 
served. The increased lnsPs concentration has two ef- 
fects: it heightens the sensitivity of neighboring receptors 
and increases the Ca2+ puff frequency. The combination of 
greater sensitivity and more frequent Ca2+ release greatly 
increases the chance of an initial release event at a puff 
site being propagated as a Ca’+ wave. In effect, lnsPs sets 
the stage for coordination of release sites by enhancing 
the excitability of all the receptors in the cytoplasm such 
that they can communicate with each other to set up a 
wave, using Ca2+ as the messenger (Yao et al., 1995). 
This scheme for the events occurring during the onset 
of a global Ca’+ signal in Xenopus oocytes is consistent 
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Figure 1. Examples of an Elementary Ca*+ Release Event (A), Xenopus oocyte; (6) cardiac myocyte. Schemes for coordination 
The figure shows the spatial (contour plot on left) and temporal profile and summation of lnsPJRs (I) in Xenopus oocytes and RyRs (R) in 
(right) of a cardiac muscle CaZ+ spark. The elementary event (the Ca” cardiac myocytes. R* represents the RyR with a heightened excitabil- 
spark) has a much shorter duration than the depolarization-evoked ity due to overloading the sarcoplasmic reticulum with Ca*+. See text 
global response (reproduced with permission from Cheng et al. [1993]). for details. 
Figure 2. Coordination and Summation of Elementary Ca2+ Release 
Units 
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with the progressive increase in the SMOClSTOC fre- 
quency observed before the onset of global Ca2+ elevation 
in sympathetic neurons (Marrion and Adams, 1992) and 
in smooth muscle (Zholos et al., 1994). The global Ca2+ 
responses in these cells reflect the summation of SMOC/ 
STOC activity. Similarly, the magnitude of the cellular re- 
sponse of Limulus and Drosophila photoreceptors reflects 
a linear summation of individual bumps (Wong et al., 1982; 
Hardie and Minke, 1995). Coordination and summation of 
elementary Caz+ release events therefore seem to underlie 
global Ca*+ responses in many cell types. 
Global responses in cardiac cells result from a different 
mechanism for coordinating elementary events, owing to 
the unique physiology of these cells. Cardiac Ca2+ sparks 
can reflect spontaneous openings of RyRs on the sarco- 
plasmic reticulum in resting cells (Figure 2Bi). However, 
under normal conditions, the release of CaZ+ by RyRs is 
coordinated by membrane depolarization, which triggers 
an influx of extracellular Ca*+ through VOCs. An organized 
junctional complex ensures that the VOCs and RyRs are 
closely apposed, thus forming a series of Ca’+ “synapses” 
(Figure 2Bii) (Stern, 1992). The independent function of 
these Ca*+ synapses has been demonstrated by their pro- 
gressive recruitment during weak depolarizing stimuli (Lo- 
pez-Lopez et al., 1995). The evoked sparks originating 
from these individual Ca’+ synapses have identical proper- 
ties to those occurring spontaneously. When the large de- 
polarization associated with an action potential sweeps 
over the sarcolemma, all the Caz+ synapses are activated 
to release the global pulse of Caz+ necessary for each heart 
beat. Global Ca2+ signals in cardiac myocytes therefore 
represent the summation of many Ca’+ sparks. 
The spontaneous Caz+ sparks in resting cells represent 
the opening of RyRs in the absence of VOC activity (Figure 
2Bi). Similar to the situation with puffs during weak stimula- 
tion (Figure 2Ai), the Ca*+ diffusing away from a spark fails 
to activate neighboring RyRs because the latter have a 
low excitability (Cannell et al., 1995). However, when the 
extracellular Caz+ concentration is increased, the sarco- 
plasmic reticulum becomes overloaded with Ca*+, which 
enhances the excitability of the RyRs such that individual 
sparks can recruit neighboring RyRs and lead to propagat- 
ing Ca’+ waves (Figure 2Biii) (Cheng et al., 1993; Lipp and 
Niggli, 1994). The Ca*+ waves that occur in overloaded 
myocytes are another demonstration that summation and 
coordination of elementary Caz+ release units lead to com- 
plex global Ca*+ signals. 
Graded Ca*+ Signals 
One of the most puzzling aspects of Ca2+ signaling is the 
way in which the magnitude of Caz+ release from intracellu- 
lar stores can be graded in proportion to the intensity of 
the stimulus. Graded or quanta1 responses have been ob- 
served for both RyRs (Berridge et al., 1995; Tsugorka et 
al., 1995) and InsPaRs (Muallem et al., 1989; Bootman et 
al., 1994). Graded responses present a paradoxical situa- 
tion, since the process of Cazf-induced Caz+ release that 
underlies the action of Ca2+ release units is a regenerative 
process, and, once activated, it should lead to an all-or- 
none signal. One way of resolving the paradox is to pro- 
pose that the smooth grading of Caz+ release in intact 
cells occurs by the progressive recruitment of independent 
elementary units, such as Ca’+ puffs and sparks, that indi- 
vidually contribute a quantized amount of Ca*+. 
The problem is then to understand the mechanism un- 
derlying variable recruitment of the channels. For InsP&, 
the mechanism is unclear, although variations in receptor 
sensitivity or density may be involved (Bootman et al., 
1994). In cardiac myocytes, the recruitment of Ca’+ sparks 
is controlled by the activation of the Ca2+ synapses in a 
potential-dependent manner; i.e., as the cell becomes in- 
creasingly depolarized, more Ca*+ synapses are recruited 
(Lopez-Lopez et al., 1995). A similar voltage-dependent 
activation of RyRs underlies graded responses in skeletal 
muscle (Tsugorka et al., 1995). It seems likely that the 
progressive recruitment of elementary Ca2+ signaling units, 
which individually release Ca’+ in an all-or-none manner, 
may underlie graded responses in intact cells. 
Physiological Significance of Elementary Ca2+ 
Signaling Units 
The realization that Ca*+ signals are composed of all-or- 
none elementary events has two important physiological 
consequences. First, as described above, the coordina- 
tion of these discrete events can account for the global 
Ca’+ signals in cells, which are often recorded as highly 
ordered Ca’+ waves. Second, the elementary events pro- 
vide highly localized signals, and this compartmentaliza- 
tion greatly enhances the versatility of intracellular Ca*+ 
signals. 
An example of the utility of spatially segregated Ca’+ 
signals was recently described for arterial smooth muscle. 
In these cells, global elevation of [Ca”], triggers contrac- 
tion, whereas Ca*+ sparks produced by RyRs located near 
the sarcolemma caused the cells to relax (Nelson et al., 
1995). The relaxation is due to the activation of potassium 
channels that serve to hyperpolarize the cell, thereby in- 
hibiting Ca2+-dependent contractile events. This striking 
example of Ca*+ exerting a bidirectional effect illustrates 
how elementary events localized to specific cellular re- 
gions can have signaling functions distinct from those me- 
diated by global signals. 
Another advantage gained by employing elementary 
Ca*+ signaling units is that the Ca2+ concentration in the 
local vicinity of the unit is much higher than in the bulk 
cytoplasm. The gradient of Ca*+ between the elementary 
signaling unit and cytosol provides another mechanism 
for differential control of cellular activities. For example, 
several recent studies have shown that mitochondria ac- 
cumulate Ca2+ during hormone-evoked Ca*+ spikes (Riz- 
zuto et al., 1994; Hajnoczky et al., 1995). The affinity of 
mitochondrial Caz+ uptake is too low for them to detect 
global [Ca”J elevations (usually (1 kM), but they can re- 
spond to the larger elemental Ca2+ signals with an increase 
in respiratory metabolism (Hajnoczky et al., 1995). These 
observations also point to a functional duality of intracellu- 
lar Ca2+ signals; the elemental units initially provide local- 
ized high amplitude signals, which then disperse to give 
a global signal of lower amplitude. 
Conclusion 
Ca2+ channels both on the plasma membrane and intracel- 
lular stores emit localized all-or-none Ca2+ pulses, which 
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constitute the elemental units of Ca2+ signaling. There are 
several obvious physiological advantages in employing 
such elemental units: localization of the Ca*+ release units 
in different cellular regions can give rise to spatially re- 
stricted Ca2+ signals, whereas coordination of the units can 
result in global Ca’+ signals. Furthermore, the progressive 
recruitment of these elementary units allows certain cells 
to grade the magnitude of their Ca2+ signals smoothly in 
a stimulus-dependent manner. 
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